It is widely recognized that exposure to combinations or mixtures of chemicals may result in highly exaggerated toxicity even though the individual chemicals might not be toxic. Assessment of risk from exposure to combinations of chemicals requires the knowledge of the underlying mechanism(s). Dietary exposure to a nontoxic dose of chlordecone (CD; 10 ppm, 15 days) results in a 67-fold increase in lethality of an ordinarily inconsequential dose of CCI4 (100 pl/kg, ip). Toxicity of closely related CHCI3 and BrCCI3 is also enhanced. Phenobarbital (PB, 225 ppm, 15 days) and mirex (10 ppm, 15 days) do not share the propensity of CD in this regard. Exposure to PB + CCI4 results in enhanced liver injury similar to that observed with CD, but the animals recover and survive in contrast to the greatly amplified lethality of CD + CC14. Investigations have revealed that neither enhanced bioactivation of CCI4 nor increased lipid peroxidation offers a satisfactory explanation of these findings. Additional studies indicate that exposure to a low dose of CC14 (100 pl/kg, ip) results in limited injury, which is accompanied by a biphasic response of hepatocellular regeneration (6 and 36 hr) and tissue repair, which enables the animals to recover from injury. Exposure to CD + CCI4 results in suppressed tissue repair owing to an energy deficit in hepatocytes as a consequence of excessive intracellular influx of Ca2, leading initially to a precipitous decline in glycogen and ultimately to hypoglycemia. Supplementation of cellular energy results in restoration of the tissue repair and complete recovery from the toxicity of CD + CCI4 combination. In contrast, only the early-phase hepatic tissue repair (6 hr) is affected in PB + CCI4 treatment, but this is adequately compensated for by a greater stimulation of tissue repair at 24 and 48 hr resulting in recovery from liver injury and animal survival. A wide variety of additional experimental evidence confirms the central role of stimulated tissue repair as a decisive determinant of the final outcome of liver injury inflicted by CC14. For instance, a 35-fold greater CC14 sensitivity of gerbils compared to rats is correlated with the very sluggish tissue repair in gerbils. These findings are consistent with a two-stage model of toxicity, where tissue injury is inflicted by the well described "mechanisms of toxicity," but the outcome of this injury is determined by whether or not sustainable tissue repair response accompanies this injury. These findings impact significantly on our ability to predict the ultimate outcome of toxic injury and form a firm basis for additional mechanism-driven investigations into the endogenous tissue repair response evoked by tissue injury. These concepts will enhance our ability to fine-tune the tools of risk assessment such as animal-to-man extrapolation and prediction of ultimate outcome of toxic injury. -Environ Health Perspect 102(Suppl 9):139-149 (1994) 
Introduction
From a perspective of public health, a major toxicological issue is the possibility of unusual toxicity due to interaction of two or more toxic chemicals at individually harmless levels upon 342-1686. involving two chemicals, progress in this area has suffered for want of models where the two interactants are individually nontoxic. Toxicities resulting from exposure to more than two chemicals at individually nontoxic doses are of greater interest since this exposure scenario is most common. One such model is available, where prior exposure to nontoxic levels of the pesticide Kepone (Chlordecone) results in a 67-fold amplification of CC14 lethality in rats ( Table 1 ). The mechanism of this remarkable interactive toxicity is of interest in the assessment of risk from exposure to combinations of chemicals.
Amplified Toxicity ofCC14 by Chlordecone Prior exposure to a nontoxic level of chlordecone (10 ppm in diet for 15 days) results in a marked amplification of CC14 hepatotoxicity (1-3) and lethality (3) (4) (5) . Neither the close structural analogs of chlordecone, mirex and photomirex, nor phenobarbital ( Figure 1 ), exhibit this property (2, 3) . Plaa and associates (6, 7) have demonstrated the capacity of chlordecone to potentiate CHC13 hepatotoxicity in mice. These observations have been extended to demonstrate that, in addition to the hepatotoxic effects, the lethal effect of CHC13 is also potentiated by exposure to 10 ppm dietary chlordecone (8) (Table  2 ) and that this is also associated with suppressed repair of the liver tissue (9) . Chlordecone also potentiates the hepatotoxicity and lethality of BrCCl3 (10, 11) .
While the toxicity of these closely related halomethanes is potentiated by such low levels of chlordecone (Figure 2 ), the toxicity of structurally and mechanistically dissimilar compounds ( Figure 3 , Table 3 ) is not potentiated (12) except after exposure to high levels of chlordecone (13) . This remarkable capacity to potentiate halomethane hepatotoxicity does not appear to be related to chlordeconeinduced cytochrome P450 or associated Environmental Health Perspectives (Kepone) amplifies the toxicity of halomethanes closely related to CCI4. Despite being close structural analogues of chlordecone, mirex and photomirex do not possess this propensity. Phenobarbital, a commonly employed drug in interaction studies at high doses, does increase liver injury of CCI4, but this enhanced liver injury is inconsequential to animal survival and health, since phenobarbital-treated animals are able to recover from liver injury.
enzymes (2, 5, 14) , enhanced bioactivation of CC14 (12, (15) (16) (17) (18) , increased lipid peroxidation (2, 12, 13) , or decreased glutathione (19) . Several candidate mechanisms were considered carefully in experiments designed to verify and were found inadequate; additional experiments revealed a novel mechanism (Table 4) .
Mechanism of Chlordecone-amplified
Toxicity of CC14
These findings led to some very basic studies concerning the progression of the hepatotoxicity during a time-course following CC14 administration to either normal or chlordecone pretreated rats. The histochemical and histomorphometric experiments revealed that suppressed hepatocellular regeneration and tissue repair (1, 2, 20, 21) (24) , chlordecone alone does not cause disruption of hepatocellular Ca2+ (25) even at toxic doses.
Chlordecone + CC14 interaction results in remarkably increased intracellular Ca2+ (22) (23) (24) (25) (26) . Recent studies have also shown a significant activation of phosphorylase a, a finding consistent with the precipitous depletion of glycogen (21, (27) (28) (29) and ATP (27) (28) (29) . Based on several lines of experimental evidence, a hypothesis was proposed (1) for the mechanism of the interactive toxicity of chlordecone and CC14.
Stimulation ofTissue Repair as a Hormetic Response to Tissue Injury
First, it became necessary to hypothesize the mechanism for why an ordinarily nontoxic dose of CC14 is nontoxic (2) . Figure  4 illustrates the mechanism of recovery from limited liver injury observed after the administration of a low dose of CC14 alone. Within 6 hr after the administration of a low dose of CC14, limited hepatocellular necrosis accompanied by ballooned cells and steatosis inflicted by the same widely accepted mechanisms of CC14 bioactivation followed by lipid peroxidation occurs. By mechanisms yet to be understood, simultaneously the liver tissue responds by stimulating hepatocellular regeneration (20, 21) . Most interestingly, one burst of hepatocellular division is evident at 6 hr, even though centrilobular necrosis only begins to manifest at that time. A;lthough the molecular events responsible for the stimulation of hepatocellular division have not been explored, glycogen, the principal form of hepatic energy resource, is mobilized prior to cell division (20, 21) . Glycogen levels are restored after cell division has been adequately stimulated (20, 21) . The limited hepatocellular necrosis enters the progressive phase between 6 and 12 hr (20, 21, 30, 31) , while the hepatocellular regeneration and tissue healing processes continue. By 24 hr, no significant liver injury is evident. These observations indicate that stimulation of hepatocellular regeneration is a protective response of the liver, occurs very early after the administration a low dose of CC14, and leads to replacement of dead cells, thereby restoring the hepatolobular architecture (2, 32, 33) .
Furthermore, this remarkable biological event results in another important protective action. It is known that newly divided liver cells are relatively resistant to toxic chemicals (34) (35) (36) (37) (38) . Therefore, in addition to the restoration of the hepatolobular architecture by cell division, by virtue of the relatively greater resistance of the new cells, the liver tissue is able to overcome the imminence of greater injury during the progressive phase (6-12 hr) , preventing the spread of injury on the one hand, and (14) ture during and after the progressive phase of injury (30, 31, 39, 40) . Relative resiliency of the newly divided cells at this critical time frame, as the animal continues to e animal (2) . At exhale the remaining CC14, is an added and onwards), critical defense mechanism easily available been eliminated through cell division. eventing addiAdministration of the same low dose of ,ontinued cellu-CC14 to animals maintained on food contaiis time period minated with low doses of chlordecone ws for complete results in initial injury by the same mecha-)bular architec-nisms of bioactivation of CC14 and lipid peroxidation (Figure 4 (2, 14, 33) . The motrichloromethane liver injury thus initiated, enters the progressive phase between 6-12 hr and this phase is accelerated in the absence of tissue repair mechanisms (20, 21, 30, 31, 39, 40) . The highly unusual amplification of CC14 toxicity relates to the suppression of the initial hepatocellular regeneration, otherwise ordinarily stimulated by CC14 within achloride, bromotri-6 hr ( Figure 4 The limited hepatotoxicity from a low dose of CCI4 is normally controlled and held in check owing to the hepatocellular regeneration and hepatolobular healing.
The chlordecone + CCI4 combination treatment results in unabated progression of injury owing to lack of tissue repair obtunded due to lack of cellular energy. These events lead to complete hepatic failure, culminating in animal death. Ongoing studies indicate that a very similar mechanism is responsible for the amplification of CHCI3 and BrCCI3 toxicity by chlordecone. From Mehendale (1); reproduced with permission of Medical Hypotheses.
Volume 102, Supplement 9, November 1994 Dibro intracellular Ca2+. Furthermore, chlordecone alone, even at a dose 10-fold higher than used in the interaction studies, does not increase hepatocellular Ca2+ (22, 25) . Although in vitro studies with cellular organelles have been employed to speculate that the failure of organelle Ca2+ pumps leads to increased cytosolic Ca2+ levels, our studies indicate that at no time-point do these organelles contain decreased Ca2+ (23, 33) . Indeed, the only sig-ificant change observed with regard to organelle Ca2+ is increased Ca2+ in the organelles in association with increased liver jury (33, 41) . Therefore, there is no in vivo evidence for decreased Ca2+ content in the organelles, which is in contradiction to the predictions from the in vitro studies in which organelle incubations were employed to study Ca2+ uptake (26, 27) .
The primary mechanism leading to a highly amplified toxicity is the failure on Figure 4 ). Earlier histomorphometric (21) as well as biochemical studies (28, 29, 33, 41) have shown that glycogen levels drop very rapidly after CCl4 administration to chlordecone treated animals. Increased cytosolic Ca2+ (27) would be expected to result in activation of phosphorylase b to phosphorylase a, the enzyme responsible for glycogenolysis. Phosphorylase a activity (26, 27) and precipitous glycogenolysis (20, 21, 23, 27) are observations consistent with the rapid depletion of cellular energy (27) on the one hand, and irreversible increase in cytosolic Ca2+ (26) (2, 14) , and these indicators are consistent with the enhanced initiation of liver injury (Stage I of toxicity) measured by histopathology, elevation of serum transaminases, or hepatic function. Nevertheless, the liver injury neither progresses in an accelerated fashion nor is irreversible, as indicated by the reversal of liver injury accompanied by animal survival (2, 4, 31) . Figure 5 illustrates the proposed mechanism for phenobarbital-enhanced CC14 liver injury, which is not associated with increased lethality. Induction of hepatomicrosomal cytochrome P450 results in approximate tripling of CC14 bioactivation and increased lipid peroxidation (2, 14) . Enhanced liver injury is consistent with these observations ( Figure 5 ). It should be recalled that the liver is normally able to respond by stimulation of hepatocellular regeneration after a low dose of CC14 within 6 hr ( Figure 4 ). While phenobarbital exposure results in greater injury, the liver's ability to respond by stimulated cell division is not compromised, as evidenced by the stimulation of hepatocellular regeneration starting at 24 to 36 hr and continuing through 72 hr. Therefore, hepatocellular regeneration is stimulated thereby counteracting the enhanced liver injury, which leads to recovery from increase in liver injury. In view of the enhanced liver injury, restoration of normal hepatolobular architecture takes longer than the approximately 24 hr required upon administration of a low dose of CC14 alone. Although the hepatocellular regeneration is delayed from 6 to 24 hr, when it does occur it is enhanced substantially, apparently tempered by the demand for more extensive restoration of hepatolobular architecture as a consequence of greater injury (8, 9, 31) . Hence, the overall effect of phenobarbital-induced potentiation of CC14 injury is merely to delay the stepped up hepatocellular regeneration, tissue repair, and restoration of hepatolobular architecture. The prolongation of these normal responses of the liver is a consequence of the enhanced liver injury, inflicted by the enhanced putative injurious mechanisms. Interestingly, hepatic ATP levels were only transiently decreased in phenobarbital pretreated animals upon administration of CC14 (27) . Availability of cellular ATP at time points beyond 6 hr permits a much stronger response through much higher cell division at 24 hr.
Critical Role ofthe Early-Phase Stimulation ofCelA Division and Tissue Repair Table 5 presents a variety of experimental manipulations that permit a rigorous experimental verification of the existence and the critical role of tissue repair in the final outcome of toxic injury. The experimental evidence for the existence of a hormetic mechanism was derived as a result of efforts to understand the mechanism of chlordecone potentiation of halomethane toxicity.
Partial Hepatectomy. If the basic premise is valid that suppression of the early-phase (6 hr) stimulation of cell division and tissue repair is the mechanism of chlordecone potentiation of CC14 injury, then a preplacement of cell division in the liver should result in protection against the interactive toxicity of chlordecone + CC14. When CC14 was administered 2 days after partial hepatectomy at a time of maximally stimulated hepatocellular division, a remarkable protection was observed (43) . At 7 days after partial hepatectomy, when the stimulated cell division phases out, the interactive toxicity becomes fully manifested again (43) . In these studies, microEnvironmental Health Perspectives (46) . Cells from phenobarbital pretreated rats exhibited highest CC14 toxicity indicating that the in vitro paradigm was working as expected. These findings are consistent with the hypothesis that suppression of hepatocellular division and tissue repair is the primary mechanism of chlordeconepotentiated CC14 toxicity, and provide substantial evidence against any significant role for chlordecone-enhanced bioactivation of CC14 (46) .
Resiliency of Newborn and Developing Rats. Newborn and young developing rats have actively growing livers. Since livers during active growth would be expected to have ongoing cefl division, these developing rats would be expected to be resilient during their early development. When rat pups at 2, 5, 20, 35, 45, and 60 days were tested, rats were completely resilient to chlordecone potentiation of CC14 toxicity up to 35 days of age (38, 47) . At 45 days, young rats were sensitive to the interactive toxicity of chlordecone + CC14 and by 60 days the rats were just as sensitive as adults (47) . The hepatic microsomal cytochrome P450 levels in the livers of 35-, 45-and 60-day-old rats exposed to chlordecone were not different from each other suggesting that any differences in cytochrome P450 levels are unlikely to explain the observed differences in toxicities. Moreover, recent studies indicate that bioactivation of 14CCI4 in 35-day-old rats is not less than that observed in 60-day-old rats (47) . Therefore, the resiliency of younger rats to chlordecone-potentiation of CC4 toxicity is more likely related to the ongoing hepatocellular regeneration during early development rather than due to differences in the bioactivation of CC14.
Gerbils Lack the Early-Phase Hormesis and Are Most Sensitive to Halomethane Toxicity. While administration of a low dose of CC14 to rats results in a prompt stimulation of early-phase hepatocellular regeneration at 6 hr (30, 31, 39, 40, 43) , in Mongolian gerbils this earlyphase cell division is not observed (16) . The stimulation of cell division which does occur at 42 hr (analogous to the second Volume 102, Supplement 9, November 1994 Additional experimental evidence indicating that actual liver injury observed in rats receiving a high dose of CC14 was identical regardless of whether prior protective dose was administered led to a reexamination of the mechanism underlying CC14 autoprotection (49) . A systematic timecourse study in which biochemical, histopathological parameters as well as animal survival were examined revealed a critical role for the hormetic response of the liver in the form of stimulated early-phase cell division and tissue repair (49) . The protective dose-stimulated tissue repair results in augmented and sustained hepatocellular regeneration and tissue repair, which enable the autoprotected rats to overcome the same level of massive injury, which is ordinarily irreversible and leads to hepatic failure followed by animal death (49, 52) .
Seketive Ablation ofthe Early-Phase Hormetic Response by Colehicine. Finally, the pivotal importance of the early-phase stimulation of hepatocellular division and tissue repair was tested with an elegant experimental tool, colchicine. With a carefully selected dose of colchicine, it was possible to selectively ablate the early-phase stimulation of mitosis associated with the administration of a low dose of CC14 (51, 52) . One single administration of colchicine at 1 mg/kg results in ablation of mitotic activity, the effect lasting only up to 12 hr, such that the second phase of cell division at 48 hr after the administration of CC14 is unperturbed (50) . At this dose colchicine does not cause any detectable liver injury nor does it cause any adverse perturbation of hepatobiliary function (51) . Therefore use of colchicine permits a very important experimental paradigm in which the early-phase hormesis in response to a low dose of CC14 can be selectively ablated. The selective ablation of the earlyphase response of cell division resulted in a prolongation of limited liver injury associated with a low dose of CC14 (50 (50, 52) . These findings underscore the pivotal role of the early-phase stimulation of hormesis in the final outcome of toxicity associated with a low dose of CC14.
Another experimental paradigm permits a further test of how critical the early-phase hormetic response is in the final outcome of injury. In the above described experiments, the preservation of the second phase of cell division permits complete recovery by 72 hr. Administration of a large dose of CC14 permits one to experimentally interfere with this second phase of cell division. In such an experiment, the animals should not survive because of continued progression of toxicity. In other words, selective ablation of the early-phase hormetic response in an autoprotection protocol should result in a denial of autoprotection. Indeed, 100% survival observed in an experimental protocol (100 pl CCl4/kg administered 24 hr prior to the injection of 2.5 ml CCl4/kg) is completely denied by colchicine antimitosis (52) . This observation also provides very substantial and convincing experimental evidence for the newly proposed mechanism for the autoprotection phenomenon (49, 52) . The mechanism underlying the autoprotection phenomenon is the ability of the liver tissue to respond by augmentation of tissue repair through hormesis induced by the protective dose (49) .
Two-Stage Model of Toxicity
An intriguing outcome of the work on the interactive toxicity of chlordecone + CC14 is the emergence of a concept which permits the separation of the early events responsible for infliction of injury from subsequent events which determine the final outcome of that injury ( Figure 6 ). Hormetic mechanisms (65) are activated upon exposure to low levels of halomethanes (9, 20, 21, 30, 31, 39, (66) (67) (68) . Although the mechanisms responsible for triggering a dramatic mobilization of biochemical events leading to cellular proliferation within 6 hr after exposure to a subtoxic dose of CC14 (9, 22, 30, 31, 39) are not understood, it is clear that these early events are the critical determinants of the final outcome of injury (1, 33, 41, 42) . When this early phase of hepatocellular division is suppressed, as has been observed in animals pretreated with chlordecone (20, 30, 31, 39) , a permissive and unabated progression of liver injury leading to massive coagulative hepatic necrosis is observed (1,33,41,42) . Likewise, experimentally, it has been demonstrated that restoring the tissue hormesis ( Figure 7 ) results in an obtundation of the progressive phase of injury, permitting the tissue to overcome injury.
The central role of hormetic mechanisms in the final outcome of tissue injury becomes self-evident from the following lines of experimental evidence. Prior exposure to 225 ppm phenobarbital results in the potentiation of liver injury by the same subtoxic dose of CC14 employed in the chlordecone + CC14 interaction (1,2,4,31) . The quantitative measures of liver injury at 24 hr after the administration of CC14 indicate that the tissue injury is either equivalent to or slightly greater than that seen in chlordecone + CC14 interaction (2) . Left alone, the animals undergoing the toxicity of phenobarbital + CC14 combination recover, while those experiencing the chlordecone + CC14 combination do not (1,4,33,41,42) . While the enhanced liver injury observed with the toxicity of phenobarbital + CC14 is consistent with the increased bioactivation of CC14 (2, 14) , recovery from this injury is consistent with the unablated hepatocellular proliferation and tissue repair (31, 39 Figure 6 . Scheme illustrating the proposed two-stage model of toxicity. Stage involves infliction of cellular and/or tissue injury by intoxication mechanisms, which are understood for many chemical and physical agents. When injury is inflicted by a low dose of the offending agent (stage 1), hormetic mechanisms are stimulated (such as cellular regeneration and tissue repair targeted for restoration of tissue structure) and complete recovery from injury follows with no additional toxic consequence. If hormetic mechanisms are suppressed or ablated, the limited injury associated with exposure to a low dose of the offending toxic agent would continue unabated resulting in progressive injury. High doses of toxic agents can cause ablation of the hormetic mechanism, as in the case of high dose of CCI4, which results in ablation of the early-phase hormetic response (40) . Another example is the ablation of the early-phase hormesis exemplified by the interactive toxicity of chlordecone and the halomethane solvents. From Mehendale (42); reproduced with permission of Lewis Publishers. Nevertheless, the highly stimulated early phase of tissue repair at 24 hr enables the restoration of hepatolobular structure and function (1, 33, 41, 42, 44) , and thereby animal survival. These observations provide additional support for the concept of two distinct stages of chemical toxicity (Figure 7) . Induction of liver regeneration 36 to 48 hr after the administration of a toxic dose of CC14 is well established (69) (70) (71) . The existence of an early phase of cell division (6 hr) was revealed only through experiments with a low, subtoxic dose of CC14 (20, 21, 30, 31) . In fact, administration of a large, toxic dose of CC14 (2.5 ml/kg) results in complete suppression of this early phase of cell division (40, 45, 49) , indicating that the toxicity associated with a large dose is due to the abolishment of this critical early phase stimulation of tissue repair (1, 33, 41, 42) . Therefore, it is possible to ablate the early phase of hepatocellular regeneration and tissue repair ordinarily stimulated by a low dose of CC14, making it in essence a toxic dose. Administration of the same dose to animals prestimulated by partial hepatectomy so that they have the ongoing hepatocellular proliferation and tissue repair, results in a remarkable and substantial protection from liver injury and lethality (45) . Likewise, administration of a large lethal dose of CC14 to animals receiving a smaller dose to stimulate cell division and tissue repair results in complete protection (49, 52) . Such protection is not due to decreased bioactivation of CCl4 (18, 50) .
The importance of the stimulation of tissue repair as an event independent of stage I of chemical toxicity can be illustrated by other elegant experimental approaches. Experimental interference with the early phase of hepatocellular proliferation leads to prolonged and enhanced liver injury of an ordinarily subtoxic dose of CC14. Studies with colchicine antimitosis (50) (51) (52) , wherein colchicine dose administered selectively ablates the early phase of hepatocellular division (6 hr) without interfering with the second phase of hepatocellular regeneration (48 hr) , have shown a prolongation of liver injury. Neither liver injury measured through serum enzyme elevations nor that measured by morphometric analysis of necrosis was increased at 6 or 12 hr in colchicine treated rats, findings consistent with the lack of colchicineenhanced bioactivation of CC14 (50, 52) . Moreover, colchicine ablation of the earlyphase hormetic response after the protective dose of CC14 in an autoprotection protocol leads to complete denial of autoprotection.
The critical role played by the capacity to respond to CCl4-hepatotoxicity by stimulation of tissue repair mechanisms at an early time point is illustrated by examining species and strain differences in susceptibility to CC14 injury. Mongolian gerbils are extremely sensitive to halomethane hepatotoxicity (15, 16, 48, 72) . Gerbils are approximately 35-fold more sensitive to CC14 toxicity than Sprague-Dawley rats (15, 16) .
This difference in CC14 toxicity can be seemingly explained on the basis of a 3.5-fold greater bioactivation of CC14 in gerbils (15) . However, the remarkable and substantial sensitivity does not appear to be due to 3.5-fold greater bioactivation of CC14, since CC14 toxicity is not at all increased in gerbils by prior exposure to phenobarbital in spite of a 5-fold greater bioactivation of CC14- (15, 16) . The timecourse studies on the ability of gerbils to respond to a subtoxic dose of CC14 by stimulation of hepatocellular regeneration and tissue repair reveal an important difference in the biology of the hormetic mechanisms between gerbils and rats (16) . The early-phase stimulation of tissue repair in the liver does not manifest itself in gerbils and the second phase occurs approximately 40 hr after the administration of CC14 (16, 48) . In the absence of the biological mechanism to arrest the progression of liver injury (Figure 7) , the liver injury might be expected to permissively progress much like an unquenched brushfire.
Evidence in support of the concept that species differences in chemical toxicity might depend on the differences in the promptness in initiating tissue repair mechanisms among various species comes from another aspect of the interactive toxicity of chlordecone + CC14. While gerbils are extremely sensitive to CC14, this sensitivity cannot be further increased by prior exposure to chlordecone (15, 16, 48, 72) . Since substantial evidence supports the concept that suppression of the early phase of hepatocellular regeneration and tissue repair is the mechanism for the permissive progression of liver injury in the chlordecone + CC14 interaction (1, 33, 41, 42, 44) , lack of this early phase response in the gerbil would be consistent with extremely high sensitivity of gerbils to CC14 on the one hand, and a lack of potentiation of CC14 toxicity by prior exposure to chlordecone on the other (15, 16) . This concept has received additional support through partial hepatectomy experiments (48) .
The toxicity of chlordecone + CHCl3 combination has been demonstrated in murine species (6) (7) (8) (9) . Stimulation of hepatocellular regeneration and tissue repair after a subtoxic dose of CHCl3 allows the mice to overcome the liver injury associated with that dose of CHCl3 (9) . By lowering the dose of CHCl3 used in the chlordecone + CHCl3 studies (8) , it is possible to demonstrate potentiation of liver injury, but without the lethality (9) . Such an experimental protocol vividly reveals a decisive role played by the stimulated tissue repair mechanisms in overcoming liver injury (9) and the separation of these mechanisms (stage II) from the inflictive phase (stage I) of chemical injury (Figure 7 ).-
The importance of stimulated tissue repair mechanisms in overcoming liver injury has also been demonstrated through examination of the mechanistic basis for significant strain differences in mice (73, 74) . An SJL/J strain of mice, known to be least susceptible to CC4 toxicity, was shown to possess more prompt and efficient tissue repair mechanisms, which permit augmented recovery, while the BALB/C strain, known to be more susceptible, was shown to possess less efficient tissue repair mechanisms resulting in slow recovery (73) . The F, cross between these two strains was shown to be intermediate in susceptibility (74) . A careful histopathological evaluation revealed that while the time course of the appearance of injury was quite similar (stage I, Figure 6 ), significant differences in tissue repair mechanisms between these strains could account for the strain differences in CCd4 toxicity (73, 74 (43) , suggested the possibility that Environmental Health Perspectives mechanism(s) other than decreased cytochrome P450 might be involved in CC14 autoprotection. Recent studies reveal a critical role for the hepatocellular regeneration and tissue repair stimulated by the low protective dose administration (49) . Essentially, the protective dose serves to stimulate tissue repair mechanisms (18, 20, 21, 30, 39) so that even before the large dose known to abolish the early phase stimulation of tissue repair (40) is administered, the tissue repair mechanisms are already in place, resulting in augmentation of tissue repair sufficient to tip the balance between injury and recovery in favor of the latter (49) . This experimental model represents another example wherein a selective augmentation of the tissue hormetic mechanism (stage II, Figure 6 ) independent of the inflictive phase of toxicity (stage I, Figure  6 ), one can dramatically alter the ultimate outcome of toxic injury ( Figure 7 ).
Another line of evidence to implicate the importance of the hormetic mechanisms in determining the final outcome of chemical toxicity comes from experiments designed to understand the mechanisms responsible for the failure of the tissue regenerative and repair mechanism in the interactive toxicity of chlordecone + CC14. Much evidence is available to implicate insufficient availability of cellular energy at a time when cell division should have taken place (20, 21, 75) . A remarkable and irreversibly precipitous decline in glycogen levels in the liver (21, 26) , a rise in hepatocellular Ca2+ (22) (23) (24) (25) , a consequent stimulation of phosphorylase a activity, leading to an equally precipitous decline in hepatic ATP (26, 27) , are events consistent with the failure of hepatocellular regeneration in the chlordecone + CC14 interaction. Only marginal and transient decline in ATP levels in the interactive hepatotoxicity of phenobarbital + CC14 and mirex + CC14 (28) are consistent with only a postponement of hepatocellular regeneration leading to transiently increased liver injury followed by complete recovery (31) . The concept of insufficient hepatocellular energy being linked to failure of hepatocellular regeneration and tissue repair has gained support from experiments in which the administration of external source of energy resulted in augmented ATP levels and significant protection (28, 29, 45) . Catechin (cyanidanol), known to increase hepatic ATP levels, protects against the lethal effect of chlordecone + CC14 (28, 29) . Protection by catechin is accompanied by a restored stimulation of hepatolobular repair and tissue healing (29) . The most interesting aspect of catechin protection against the interactive toxicity of chlordecone + CC14 is that protection does not appear to be the result of decreased infliction of hepatic injury (28, 29) , as evidenced by a lack of difference in injury up to 24 hr after CC14 administration (29) . These observations provide substantial evidence for the separation of stage I of toxicity responsible for the infliction of tissue injury from the stage II events responsible for the final outcome of tissue injury (42) .
Abundant opportunities are available to test the two-stage of model toxicity. Many chemicals have been reported to induce hepatocellular regeneration at relatively modest doses, some of which are listed in Table 7 . Opportunities to test the conceptual framework being put forth here are available through additional investigations with these models of tissue injury as well as scores of other models in other tissues and organs.
Implications for Assessment of Risk to Public Health
Establishing that the initial toxic or injurious events, regardless of how they are caused, can be separated from the subsequent events that determine the ultimate outcome of injury, offers promising opportunities for developing new avenues for therapeutic intervention with the aim of restoring the hormetic tissue repair mechanisms. Such a development will open up avenues for two types of measures to protect public health. The presently used principle is to decrease injury by interfering with stage I of toxicity by treatment with an antidote, which either prevents further injury or decreases already inflicted injury. The second, wherein tissue repair and healing mechanisms could be enhanced not only to obtund the progression of injury, but also to simultaneously augment recovery from that injury, is a novel approach.
In addition to these opportunities, the two-stage concept of chemical toxicity also embodies implications of significant interest in the assessment of risk from exposure to toxic chemicals. The existence of a threshold for chemical toxicity is evident as indicated by the stimulation of tissue repair mechanism directed to tissue healing and recovery observed after the administration of subtoxic levels of toxic chemicals, when exposure involves singular chemicals. The existence of a two-level or two-stage threshold is apparent from the two-tier hormetic response: one threshold for each stage of the two-stage model. Generally speaking, the threshold for stage I of toxicity must lie in the cytoprotective mechanisms (cellular hormesis). The threshold for stage II of toxicity appears to be in the tissue's ability to respond promptly by augmenting tissue healing mechanisms. These thresholds may be quantitatively the same or different.
From a public health perspective, exposure to singular chemicals is seldom involved. Multiple exposures to chemical combinations and solidus or singular components simultaneously, intermittently, or sequentially are almost always the rule. In this regard, antagonistic interactive toxicity or inconsequential interactions are also of interest. Of greater interest from a public health perspective, is the finding that the hormetic mechanisms which constitute the threshold for physical or chemical toxicity can be mitigated by other chemical and physical agents, resulting in highly accentuated toxicity.
Of significantly greater interest is the need to take into account the hormetic mechanisms operating particularly at the low levels of exposure to chemicals, in the assessment of risk from exposures to combinations of chemicals at low doses. The recognition of the existence of cellular and tissue hormesis provides a mechanistic basis to recognize thresholds for toxic effects, thereby permitting us to take into consideration the lack of recognizable adverse health effects at low levels of exposure to chemicals in our environment.
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